In this work, we calculate the mass spectrum of doubly heavy baryons with the diquark model in terms of the QCD sum rules. The interpolating currents are composed of a heavy diquark field and a light quark field. Contributions of the operators up to dimension six are taken into account in the operator product expansion. Within a reasonable error tolerance, our numerical results are compatible with other theoretical predictions. This indicates that the diquark picture reflects the reality and is applicable to the study of doubly heavy baryons.
Introduction
The considerable success of quark model in interpreting a large amount of hadronic observations has convinced people its undoubted validity for many years. In the quark model, hadrons are constructed according to two configurational schemes: mesons, consisting of a quark and an antiquark (qq); and baryons, consisting of three quarks (qqq). Right after the birth of the quark model, the diquark model was proposed where two quarks constitute a color-anti-triplet which behaves as an independent object in the baryon. In Gell-Mann's original paper on the quark model, he discussed the possibility of the existence of free diquarks [1] . The concept of diquarks, has been established in the fundamental theory, and has been invoked to help illuminating a number of phenomena observed in experiments [2, 3, 4, 5, 6, 7] . The systems composed of three quarks should be described by the Faddev equations, but since there are three coupled differential equations, solving them is extremely difficult. As a matter of fact, the three-body problem is still an unsolved subject even in classical physics. It is tempted to consider the diquark-quark structure which turns the three-body system into a two-body one, and the three Faddev equations then reduce to single equation (no mater relativistic or non-relativistic). Thus the problem is greatly simplified and solution concerning baryon physics is obtained. However, for the baryons which are composed of three light quarks, the three Faddev equations have the same weight, so a problem emerges right away, namely which two quarks are combined to compose a diquark while the rest one moves independently. It seems to be an unbeatable difficulty. However, recently the topic on diquarks revives, for it may bring up some direct phenomenological consequences. Especially, when there are two heavy quarks in a baryon, they may constitute a relatively tight structure, a diquark. A diquark has the quantum numbers of a two-quark system. For the ground state, a diquark has positive parity and may be an axial-vector (S = 1) or a scalar (S = 0). According to the basic principle of QCD, for the two quarks residing in a color anti-triplet, the interaction between them is attractive.
Baryons containing two heavy quarks are important and intriguing systems to study the quark-diquark structure of baryons. The two heavy quarks (b and c) can constitute a stable bound state of3, namely, a diquark which serves as a source of static color field for light quarks [8] . The SELEX Collaboration reported the first observation of a doubly charmed baryon via the decay process Ξ [11, 12] . This may be due to the distinct beam structures of the two types of experiments, and the reason is worthy of further and careful studies.
In the theoretical aspect, there have been numerous works in studying the doubly heavy baryons [13, 14, 15, 16, 17] . All these works concern the dynamics which results in the substantial diquark structure.
Although the QCD is proven to be an undisputablly valid theory about strong interaction, the non-perturbative QCD which dominates the low energy physics phenomena has not been fully understood yet. Among the the theoretical methods in dealing with the non-perturbative effects, the framework of the QCD Sum Rules which is indeed a bridge between the short-distance and long-distance QCD as initiated by Shifman et al. [18] , turns out to be a remarkably successful and powerful technique for computing the hadronic properties. Recently, a number of works have been worked out to interpret the newly observed mesonic resonances within the framework of the QCD sum rules [19, 20, 21] . Meanwhile with the QCD sum rules, a few works were performed in studying the mass spectrum of doubly heavy baryons [22, 23, 24, 25, 26] . In those studies, the authors calculated the correlation function of baryonic currents composed of quark fields by virtue of the operator product expansion (OPE).
Since the correlation of the two heavy quarks is strong, they are tempted to be bound into a diquark which can be regarded to manifest independent degrees of freedom in the baryon. In this work, we no longer treat the two heavy quarks as independent constituents, but a combined sub-system−diquark which behaves as a component of doubly heavy baryons, and the corresponding field is denoted by a new bosonic symbol Φ with a mass m D . In fact, this picture was recently proposed in Ref. [27] . Then, in this tentative model for calculating the mass spectrum of doubly heavy baryon systems, the light quark q (q=u,d,s) orbits the heavy diquark which is a tightly bound QQ' (Q=c,b) pair. The application of the diquark can simplify the interpolating currents which are important for obtaining the baryon spectrum in the QCD sum rules. The spin-parity quantum number of a ground-state diquark is either 0 + or 1 + . The former, along with a light q, can form the state with J P = 1 2 + ; the latter can form not only the state with
+ , but also
+ . That is to say, using the model of the diquark and the QCD sum rules, we can study the doubly heavy baryons with spin-parity J P = 1 2
The content of the paper is arranged as follows. In Sec.II we derive the formulas of the correlation function of the interpolating currents with proper quantum numbers in terms of the QCD sum rules. In Sec. III, our numerical results and relevant figures are presented. Section IV is devoted to a summary and concluding remarks.
Formalism
The method of the QCD Sum Rules is starting with choosing proper correlation function (or Green's function) both at the quark-gluon level and the hadron level. The correlation function for the doubly heavy baryons reads
Considering the spinor structures of baryons, the correlation function has the Lorentz covariant expression as follows [23, 24] :
For each invariant function of Π 1 (q 2 ) and Π 2 (q 2 ) in the doubly heavy baryons one can obtain a sum rule.
Following Refs. [23, 24] and based on the diquark model, the interpolating currents, which play a crucial role in our analysis, are chosen to be
where Φ Table 1 .
On the phenomenological side, the correlation function is expressed as a dispersion 
where M H is the mass of the doubly heavy baryon, λ H is the baryon coupling constant and ρ h (s) is the physical spectral function of the continuum states. When we attain the above expression, the summing relations for the Dirac and Rarita-Schwinger spinors have been used, namely, for spin-3/2 baryons the numerator of the first term in Eq.(6) should be replaced by the proper Lorentz structure [24] 
With the operator product expansion (OPE), the correlation function
2) can be written as:
Here, "pert", "cond" and "dim" refer to perturbative QCD calculation, the quark or gluon condensates, and the relevant condensate dimensions, respectively. Π Ref. [28] , the effective gluon-diquark vertices were given, which will also be used in our later calculations, so we just copy them below:
Here,
4πα s denotes the QCD coupling constant, κ v is the anomalous (chromo) magnetic moment of the vector diquark and t a (= λ a /2) is the Gell-Mann color matrix. Furthermore, F S (Q 2 ) and F V (Q 2 ) are the diquark form factors.
The scalar diquark's propagator is
, and the axial-vector diquark's propagator
. Since the diquarks are made up of two heavy quarks, according to the general rule, their condensates are negligible [29] .
The Feynman diagrams are computed not only with the regular QCD Feynman rules, but also with the effective vertices displayed above for point-like diquarks. For taking into account the composite nature of diquarks, phenomenological form factors (F S (Q 2 ),
The authors of Ref. [28] suggested the vertex functions as following:
and the values of these special characteristic quantities are fixed by fitting data.
Supposing the quark-hadron duality, the resultant sum rule for the mass of the doubly heavy baryon reads
with
Here,m q (q=u, d, or s) denotes the masses of the light quarks, m d is the mass of the diquark, M B is the Borel parameter and s 0 is the threshold cutoff introduced to remove the contribution of the higher excited and continuum states [30] .
The perturbative contribution ρ 1 (s) and non-perturbative contributionŝ
] for Ξ QQ ′ and Ω QQ ′ in Eq. (13) are shown as follows:
where the superscripts (C, D and E) on the left hand of Eq.(17) correspond to the labels in Fig.1 .
For concision of the text, the detailed expressions of R 0 are given in the Appendix.
Numerical Analysis
The numerical parameters used in this work are taken as [31, 32] 
In our numerical analysis, we find that the effect of the two-gluon condensate is tiny, i.e., if we shift the contributions of two-gluon condensate a little, the final mass of the corresponding baryon hardly changes. We choose it as in Ref [28] : κ v = 1.39.
In practice, large uncertainty remains in the evaluation of baryon spectrum due to the input constituent quark masses. The mass of the baryon can be decomposed as and QQ only differ by a color factor, so that we may have
where the dependence of the binding energies on color and constituent masses may cancel.
Then we obtain the binding energy for the axial vector bb. Since so far there are no data on B *
c available yet, we cannot determine ∆E {bc} in the above scheme, but need to invoke another way. Since bc diquark is composed of c and b quarks, it is natural to think that an interpolation between cc and bb diquarks would be a good approximation for the bc diquark, thus we write
Unlike the bb and cc diquarks, bc diquark can be either an axial vector or a scalar. Now let us determine the mass of the scalar bc diquark. The mass difference between spin-1 and spin-0 two-quark systems is due to the spin-spin interactions. Such interaction is proportional to 1/(m Q m Q ′ ). Since there lack enough data for bc mesons, let us first start with the charmmonia which are well measured and then generalize to the bc mesons.
The difference of the binding energies of J/ψ and η c is due to the spin-spin interaction between c andc, and besides a color factor related to the SU(3) Casimir factor which is 4 3 for a color singlet and
for a color-anti-triplet, the case for the cc diquark is the same.
Thus we may write
Then using
we fix ∆E [bc] .
With above analysis, the diqaurk masses which will be adopted in the following numerical computations are displayed as following:
For choosing the proper threshold s 0 and the Borel parameter M 2 B there are two criteria. First, the perturbative contribution should be larger than the contributions from all kinds of condensates, and another is that the pole contribution should be larger than the continuum contribution [18, 29, 33] . On the other hand, the dependence of the evaluated masses of the doubly heavy baryons is rather unsensitive to variations of the Borel parameter in the Borel windows. For each baryon fortunately we can find an optimal Borel window where the two aforementioned criteria are satisfied and the Table 2 : The mass spectra of doubly heavy baryons. The "pole" stands for the contribution from the pole term to the spectral density. The "cond" stands for the contribution from the condensate terms in the operator product expansion, where the threshold parameter s 0 takes its central value. ∆m is the energy gap between masses of other species of baryons and Ξ QQ ′ with the same diquark flavors. respectively. The numerical results are collected in Table 2 for various quantum numbers.
For a comparison with other theoretical estimates on the baryon masses given in the literature, we also show those results in Table 3 . The error bars are estimated by varying the Borel parameters, s 0 and the uncertainties in the condensates as well. It is noted that the uncertainty caused by introducing the diquark configuration is included in the diquark form factors (Eqs(10) and (11)).
Note that inside the Tables(2,3 ), the mass of the baryon Ξ cc with superscript "fit" is 
for Ω cc , from down to up, respectively.We deliberately put two vertical lines denoting the chosen Borel window. , from down to up, respectively.We deliberately put two vertical lines denoting the chosen Borel window. 
, from down to up, respectively.We deliberately put two vertical lines denoting the chosen Borel window. 
Summary and Conclusions
In this work, the masses of various doubly heavy baryons have been studied in terms of the QCD sum rules where the diquark structures are priori assumed. In the calculation we keep the contributions of the condensates up to dimension six in OPE. Our results, in certain tolerance, are in accordance with the theoretical predictions via other models.
Especially, it is worth pointing out that our results are reasonably consistent with that calculated in the QCD sum rules without assuming diquark structures.
In the calculation, an effective coupling between diquark and gluon which was phenomenologically introduced is adopted. The form factor at the effective vertex indeed manifests an inner structure of the diquark. But as the diquark is viewed as an independent degree of freedom, this factor performs as an ad-hoc parameter in the given theory and it plays a role just as the quark or gluon condensates in the QCD sum rules which were obtained either from an underlying theory (such as the value of the gluon condensate could be obtained from the dilute gas approximation of instantons) or by fitting data (such as the value of the quark condensate might be gained by fitting the pion decay constant).
Our results imply that the structure of a heavy diquark and a light quark is indeed a reasonable configuration for the doubly heavy baryons. The Large Hadron Collider (LHC) which has already begun running, even at lower energy (7 TeV) and luminosity , will provide a large database of doubly heavy baryons. Once enough data are available, one can further analyze the doubly heavy baryons of various flavors and spins. Comparing our theoretical predictions on their mass spectra with the data, will not only enrich our knowledge on the underlying theory, i.e. the low energy QCD, but also further investigate the diquark structure and applicability for dealing with the processes such as production and decay of the doubly heavy baryons. 
